By employing the sensitivity of single moleeule fluoreseent in situ hybridisation (smFISH) we have preeisely quantified the Ievels and defined the temporaland spatial distribution of Hedgehog signaHing aetivity during embryonie skin development, and uneavered that there is a Hedgehog signaHing gradient along the proximal-distal axis of developing hair foHicles. In order to explore the eontribution of Hedgehog reeeptors Ptehl and Pteh2 in establishing the epidermal signaHing gradient, we quantitated the Ievel of pathway aetivity generated in Ptchl and Ptchl;Ptch2-defieient skin and defined the eontribution of eaeh reeeptor to regulation of the Ievels of Hedgehog signaHing identified in wild-type skin. Moreover, we show that both the eeHular phenotype and Ievel of pathway aetivity featured in Ptchl ;Ptch2-defieient eeHs faithfuHy reeapitulates the Peak Ievel ofendogenaus Hedgehog signaHing deteeted at the base of developing foHicles, where the eoneentration ofendogenaus Shh is predieted to be highest.
Introduction
Preeise temporal-spatial regulation of the Hedgehog (Hh) pathway aetivity is erueial to ensure normal development and prevent neoplastie transformation of eeHs in a number of diverse argans and tissues. Whilst the Hh pathway eonsists of a number of positive and negative regulators, the Patehed (Pteh) protein reeeptors are perhaps the most important regulatory hub involved in the modulation Hh signaHing. Ptehl funetions as a negative regulator of the pathway via two distinet proeesses. In the absenee of Hh Iigand, Ptehl suppresses aetivity of the Smoothened (Smo) effeetor (Taipale et al., 2002) , a proeess referred to as Iigandindependent antagonism (LIA) (Jeong and MeMahon, 2005) . Hedgehog ligands aetivate signaHing by binding to the Ptch1 receptor and inducing subsequent internalisation and lysosomal degradation of the Hh-Ptch complex (Incardona et al., 2000) , thereby aHowing translocation of Smo to the tip of the primary cilium where it is phosphorylated into an active form (Corbit et al., 2005) (Rohatgi et al., 2007) . Ptch1 itself is a transcriptional target of the pathway, a feedback mechanism that acts to increase the amount of Ptch1 protein available to further bind and deplete Hh Iigand from the microenvironment. This mechanism of Hh sequestration acts to Iimit the field of pathway activity and ultimately attenuate the Hh signal, an effect caHed ligand-dependent antagonism (LDA) (Jeong and McMahon, 2005) . Mammals also possess a paralogaus Ptch receptor, Ptch2 (Motoyama et al., 1998) , however the role of Ptch2 has not been as comprehensively addressed as for Ptchl.
Constitutive Hh signaHing activity is a characteristic feature of the common skin cancer, basal ceH carcinoma (BCC). Mousemodels simulating pathway activation via manipulation of Shh, Ptch1, Smo or Gli, lead to epidermal hyperplasia and formation of lesions resembling human BCC (see (Kasperet al., 2012) . A number of studies have been directed at dissecting the ceHular origin of BCC, whereby Hh signaHing activity has been activated in specific epidermal and HF stem/progenitor ceH compartments. Despite these studies, the BCCinitiating ceH compartment remains controversial and consensus has been difficult to attain with some studies reporting BCC formation foHowing Hh activation in a variety of HF stem ceH compartments ( Grachtchouk et al., 2011; Kasper et al., 2011; Peterson et al., 2015; W ang et al., 2011 ) , and others indicating BCC potential from IFE structures (Adolphe et al., 2006; Grachtchouk et al., 2011; Villani et al., 201 0; Wong and Reiter, 2011; Y oussef et al., 20 12; Youssef et al., 2010) Aside from differences in the ascribed BCC cell of origin there is significant variation in the epidermal phenotypes of Hh pathway activation models, including: BCC potential, tumour latency and anatomical distribution of the lesions. We propose that variations in phenotype may reflect different amplitudes of Hh pathway activity in each model system. Previous studies by Dlugosz and colleagues (Grachtchouk et al., 2003) have shown that the magnitude of Hh signalling activity defines the tumorigenic potential of the pathway. Wehave previously shown that loss of Ptchl activity is sufficient to induce BCC formation across all epidermallocations (Villani et al., 201 0) . Thus the Ievel of activity generated in Ptchldeficient cells acts to define the tumorigenic threshold of Hh signalling in skin. In contrast, we have recently shown that concomitant inactivation of both Ptch1 and Ptch2 during epidermal development Ieads to loss of interfollicular epidermis (IFE), HF and sebaceous gland specification and differentiation (Adolphe et al., 2014) . Taken together, these data indicate that different amplitudes of Hh signalling activity drive distinct cellular responses and cell fate decisions in the skin.
In the developing neural tube, neuronal identity is defined by positional information generated by a Shh gradient. Recent methodology enabling quantification of Hh pathway transcriptional effectors has revealed that the amplitude of Hh signalling is critical in defining the gene expression profile and the ensuing cellular response (Cohen et al., 2015; Junker et al., 2014) .
To date, no Hh quantification studies have been performed in the skin, thus it remains unknown whether epidermal Hh signalling specifies different cell fate decisions in a manner akin to the neural tube. Here we utilise single molecule fluorescent in situ hybridisation (smFISH) to spatio-temporally quantitate Ptchl and Glil mRNA transcription, as a read-out of Hh signalling activity and obtain precise quantification of epidermal Hh signalling in wild type, Ptchl-deficient and Ptchl;Ptch2-deficient skin. Consequently, we have defined both the threshold of Hh pathway activity that Ieads to BCC formation and the amplitude of Hh signaHing that specifies HF progenitor ceHs. In addition, our analyses of wild-type skin have identified a hitherto unrecognised proximal-distal Hh signaHing gradient in developing hair foHicles.
Results
Loss of Ptch receptor activity in the developing epidermis generates specific Ievels of Hedgehog pathway activity.
We recentl y proposed that the difference in outcome between a tumorigenic Ptchl-deficient phenotype and the loss of epidermal specification and differentiation observed in Ptchl ;Ptch2-deficient skin is attributable to differences in the amplitude of Hh signaHing activity subsequently evoking distinct ceHular responses (Adolphe et al., 2014) . In order to define the amplitude of pathway activity we used single molecule fluorescent in situ hybridization (smFISH) to quantitate RNA transcript density of the Hh target genes Ptchl and Glil in individual ceHs ( Figure 1a ) (Junker et al., 2014; Raj et al., 2008) . Given foHicular Hh pathway activity would confound the measurements attributable to loss of Ptch, we restricted our measurements to the interfoHicular epidermis (IFE) region of each mause model. In In order to define the spatio-temporal distribution of Hh signalling activity during HF development we quantitated the Ptchl and Glil transcript density along the proximal-distal length of HFs at different stages of the HF cycle. Previous studies have shown that Hh signalling is dispensable for HF initiation and hair germ development (stage 2) (Chiang et al., 1999; St-Jacques et al., 1998) . Consistent with these findings, we observed low Ievels (90% <0.10/f.lm Figure 1) . Given that all cells in Ptchl;Ptch2-deficient epidermis are genetically identical, it appears that Shh producing cells arenot specified in response to Peak signaling activity. Moreover, it is important to note that we observed the histological phenotype of Ptchl;Ptch2;Smo-deficient epidermis is indistinguishable from that of Smo-deficient epidermis (Supplementary Figure 2) , indicating
Peak signalling is transduced via the canonical (Smo-dependent) pathway.
Peak signalling activity exhibits an approximate 3-fold (Ptchl) and 7-fold (Glil) increase in transcript density when compared to High signalling activity. Given loss of Ptch2 alone does not activate Ptchl or Glil transcriptional activity, a substantial synergy exists between Ptchl LDA/LIA and Ptch2 LDA/LIA in governing Hh pathway repression in the skin. The phenotype of complete pathway de-repression (Ptchl;Ptch2-deficiency) and whether Ptch synergism exists in other developmental systems remains to be determined. Recent reports describe the effects of Ptch 1 ;Ptch2 LD A ablation in the neural tube (Holtz et al., 2013) .
However, these studies were performed in the presence of an MT-Ptchl transgene that ubiquitously expresses low Ievels of Ptch-LIA (Milenkovic et al., 1999) , and is therefore not representative of Iigand-independent, constitutive pathway de-repression as described here. 
Materialsand Methods
K5Cre, Ptchl and Ptch2 mice have been previously described (Adolphe et al., 2014) and experiments performed according to the University of Queensland animal ethics guidelines.
El8.5 flank skin samples were fixed in 4% PFA for 1 hour at 4°C, and incubated ovemight in 30% sucrose at 4 oc before embedding in OCT compound. Tissue blocks were sectioned at 8f.lm, postfixed in 4% PFA at room temperature for 15 minutes, rinsed in PBS and incubated overnight in 70% ethanol at 4 oc. All experiments were performed in technical and biological replicates.
Foreach mRNA examined a set of 20-mer DNA oligonucleotides complementary to the coding region of the gene of interest were designed using an online program (http://www .biosearchtech.com/stellarisdesigner/) and synthesized with 3 '-amino modifications by Biosearch Technologies. Probes were coupled to Alexa594 and Cy5 fluorophores as previously described (Lyubimova et al., 2013) . Tissue sections were hybridized as previously described (Lyubimova et al., 2013; Raj et al., 2008) . Briefly, Diffraction-limited dots corresponding to single mRNA molecules were detected in 3D by custom Matlab software using previously described algorithms (Raj et al., 2008) . Briefly, the images were first filtered using a three-dimensional Laplacian of Gaussian filter with a width of 15 pixels and a standard deviation of 1.5 pixels. We then chose the intensity threshold at which the number of connected components was least sensitive to the threshold (ltzkovitz et 
